Introduction
The development of radioactive ion beams (RIBs) in the mid 80s, has enabled nuclear physicists to explore the nuclear landscape far away from stability. This technological breakthrough led to the discovery of exotic nuclear structures such as halo nuclei [1] . Halo nuclei exhibit a large matter radius in comparison with their isobars. This peculiarity is qualitatively understood as due to their small separation energy for one or two neutrons [2] . When these valence neutrons are in a low orbital angular momentum shell, they exhibit a significant probability of presence at a large distance from the other nucleons and hence form a sort of halo around the core of the nucleus [3] .
Archetypes of one-neutron halo nuclei are 11 Be and 15 C, in which the loosely-bound valence neutron is primarily in the 1s 1/2 orbital. In addition to their halo nature, two-neutron halo nuclei exhibit the Borromean property, i.e. whereas the three-body system (core-n-n) is bound none of the two-body subsystems (core-n and n-n) is. Examples of such nuclei are 6 He and 11 Li.
Due to their very short lifetime these nuclei cannot be investigated through usual spectroscopic techniques and information about their structure is inferred from indirect measurements. Breakup [4, 5] , knockout [6] , or elastic scattering [7] have been used to study halo nuclei. However, in order to extract valuable structure information from reaction cross sections, a good understanding of the reaction mechanism is needed. For that reason many models have been developed to analyse reaction measurements (see, e.g., Refs. [8, 9] for a review).
Alternatively, one could seek observables independent of the reaction process. We suggest here to take the ratio of angular distributions for breakup and elastic scattering to significantly reduce the sensitivity to the reaction mechanism. This ratio technique is shown to emphasise the information on nuclear structure that can be inferred from reaction measurements [10] .
These proceedings are structured as follows. In a first step, we show that angular distributions for elastic-scattering and breakup exhibit similar features, i.e. that the projectile is scattered similarly whether it remains bound or is broken up [11] . We then introduce the Recoil Excitation and Breakup (REB) model, which nicely explains this result [12] and which suggests that ratios of angular distributions contain information only about the structure of the projectile. In Sec. 4, the ratio technique is presented in more details and tested within the Dynamical Eikonal Approximation (DEA) [13, 14] . The sensitivity of the ratio to the projectile structure is then investigated before summarising in Sec. 5.
Angular distributions for elastic scattering and breakup
A recent analysis has shown that angular distributions for elastic scattering and breakup of loosely-bound nuclei, such as halo nuclei, exhibit similar features [11] . This is illustrated in Fig. 1 , where both distributions are plotted for 11 Be impinging on Pb at 69AMeV. The elastic scattering cross section (blue dotted line) is plotted as a ratio to the Rutherford cross section as a function of the scattering angle θ . The breakup cross section is plotted for a 10 Be-n relative energy E = 0.3 MeV as a function of the deflection angle θ at which its centre of mass is deflected by the target.
Both distributions exhibit very similar features. For θ < 2 • , the oscillations are located at the same angles. A sort of Coulomb rainbow is observed at 2 • in both cases, and the oscillatory
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Studying halo nuclei by the ratio technique P. CAPEL patterns at larger angles are very similar in location and magnitude. This suggests that the projectile is deflected by the target in the same way whether it remains bound or is broken up [11] . This peculiarity can be easily explained within the Recoil Excitation and Breakup (REB) model [12] .
Recoil Excitation and Breakup model
The REB model is based on two assumptions [12] . First it assumes an adiabatic treatment of the excitation of the projectile, i.e. the projectile excitation energy is neglected compared to the beam energy. Second, the neutron-target interaction is neglected. This model thus assumes the excitation of the projectile-or its breakup-to be due to the recoil of the core, hence its name.
With these two approximations, the REB provides an elegant and simple expression of the elastic scattering cross section of the projectile by the target
where (dσ /dΩ) pt is the elastic scattering for a pointlike projectile and F 0,0 is a form factor accounting for the extension of the halo
with Φ 0 the neutron-core wave function and
is a fraction of the momentum exchanged in the elastic-scattering process (m n being the mass of the halo neutron and m c that of the core of the nucleus).
Note that Eq. (3.1) is reminiscent of the first order of the Born series. However no such expansion has been performed here: the REB includes all orders of the scattering amplitude. It also includes the breakup channel and an expression similar to Eq. (3.1) can be derived for the breakup angular distribution
where the form factor now reads
with Φ l jm (E) the core-neutron wave function in partial wave l jm at energy E in the continuum. Within the REB assumptions, angular distributions (3.1) and (3.4) can be factorised as the product of a reaction part (dσ /dΩ) pt and a structure part (|F 0,0 | 2 and |F E,0 | 2 , respectively). The fact that the former is identical in both expressions explains why both distributions are so similar in Fig. 1 .
Ratio technique 4.1 Ratio idea
The factorisations (3.1) and (3.4) also suggest that taking the ratio of these angular distributions removes most of the reaction dependence and hence provides an observable that enhances the sensitivity of the measurements to the projectile structure. It corresponds, within the REB assumptions, to the ratio of the form factors (3.5) and (3.2)
Besides its theoretical advantages, observable (4.1), being the ratio of two cross sections, does not require the normalisation of these cross sections, if both processes are measured within the same experimental setup.
Testing the idea
To test the validity of the ratio technique, we perform reaction calculations within the Dynamical Eikonal Approximation (DEA) [13, 14] . This model reproduces fairly well various experimental data [14] and is in excellent agreement with the Continuum Discretised Coupled Channel approach for reactions involving one-neutron halo nuclei at intermediate energy, i.e. at about 70AMeV or above [15] . Since it does not rely on the REB assumptions (see Sec. 3), it is very well suited to test theoretically this ratio technique. We thus perform DEA calculations for 11 Be impinging on Pb at 69AMeV, which correspond to the conditions of the RIKEN experiment of Ref. [4] . We use the inputs ( 10 Be-n interaction, optical potentials etc.) and numerical parameters detailed in Ref. [14] .
PoS(Bormio2012)040
Studying halo nuclei by the ratio technique 11 Be impinging on Pb at 69AMeV [10] . It is in excellent agreement with the REB prediction (3.5). The breakup angular distribution corresponding to a 10 Be-n relative energy E = 0.1MeV is given in b sr −1 MeV −1 and the summed cross section (4.2) is plotted as a ratio to Rutherford.
Following the factorisations (3.1) and (3.4), the ratio of any linear combinations of angular distributions should be independent of the reaction process and give a ratio of form factors similar to (3.2) and (3.5). We have found optimal to consider the ratio of the angular distribution for breakup at one 10 Be-n energy E to the sum of the angular distributions for elastic and inelastic scattering and for breakup at all 10 Be-n energies [10] 
The REB predicts this ratio to be equal to Fig. 2 displays the results of these calculations. As suggested in Secs. 2 and 3, the summed angular distribution (blue dotted line) and that for breakup (green dashed line) are very similar. As expected, their ratio (red solid line) removes most of the angular dependence. It varies smoothly with θ and is in excellent agreement with the REB prediction (4.3) (thick grey line). This confirms that the ratio observable probes the structure of the projectile with little dependence on the reaction mechanism.
(In)Sensitivity to projectile-target interaction
To confirm the independence of the ratio (4.3) of the reaction mechanism, we repeat the DEA calculations for a carbon target at 67AMeV. Being nuclear dominated, this reaction mechanism is very different from that with a lead target. In Fig. 3 , the ratios for the Pb (red solid line) and C (green dashed line) targets are compared to each other and with the REB prediction (thick grey line). Because the angle depends on the target choice and on the beam energy, these observables are plotted as a function of the modulus of ⃗ Q (3.3) to ease the comparison.
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Studying halo nuclei by the ratio technique P. CAPEL 11 Be+C @ 67AMeV 11 Be+Pb @ 69AMeV Figure 3: Sensitivity of the ratio technique to the reaction process. Ratio of angular distributions (4.3) computed within DEA for 11 Be impinging on Pb at 69AMeV and C at 67AMeV [10] . They agree with each other and with the REB prediction (3.5).
The results are very similar for Coulomb-and nuclear-dominated collisions, confirming that the ratio (4.3) is nearly insensitive to the reaction process. It seems thus very well suited to study the structure of halo nuclei.
To analyse the effect of the neutron-target interaction (neglected in the REB), we repeat the calculations on Pb without that interaction in the DEA. The results are plotted in Fig. 4 (black dash-dotted lines) and compared to the full calculations (coloured lines).
We observe that when the neutron-target interaction is switched off the large-angle behaviour of the ratio is smoother. As already noted by Johnson, Al-Khalili and Tostevin [12] , the neutrontarget interaction shifts the oscillatory pattern at the large angles of the angular distribution. This shift is actually energy dependent, so it is slightly different for elastic scattering, inelastic scattering and breakup. Therefore without neutron-target interaction, both angular distributions exhibit exactly the same oscillatory pattern, and hence their ratio is very smooth, even at large angles. On the contrary, the angular distributions of the full calculations are slightly shifted from one another, explaining the remaining oscillations at large angles. Since the neutron-nucleus optical potential is well parametrised [16, 17] , this is a minor problem of the technique.
Sensitivity to the projectile description
Knowing that the ratio (4.3) is nearly independent of the reaction mechanism, we now turn to the information that can be inferred from it about the projectile structure. Fig. 5 (left) illustrates the sensitivity of the ratio to the binding energy of the valence neutron. Three DEA calculations are depicted for a 11 Be-like projectile impinging on a lead target at 69AMeV. The only difference between these calculations is the one-neutron separation energy of the projectile. The depth of the potential in the s 1/2 partial wave is modified to obtain different binding energies: 0.5 MeV (the experimental value for 11 Be; red solid line), 50 keV (green dashed line) and 5 MeV (blue dotted line). Each calculation is compared to its REB prediction (thick grey lines).
The ratio is very sensitive to the binding energy of the projectile. It varies both in shape and magnitude with the neutron separation energy. The DEA calculations are in excellent agreement with the REB prediction but for the deeply-bound system (binding energy of 5 MeV). In that case, the DEA ratio significantly underestimates the REB prediction at forward angles. This may be linked to the adiabatic approximation performed in the REB, which may no longer be valid for deeply-bound nuclei. Fig. 5 (right) shows the sensitivity of the ratio to the partial wave of the valence neutron. Here also three DEA calculations are performed for 11 Be-like projectiles impinging on Pb at 69AMeV. In all cases the one-neutron separation energy is fitted to the experimental one (0.5 MeV), but the neutron is bound in different partial waves to the 10 Be core: 1s 1/2 (red solid line), 0p 1/2 (green dashed line) and 0d 5/2 (blue dotted line). Here again a significant sensitivity to the projectile structure is observed in both shape and magnitude. Figure 5: Sensitivity of the ratio (4.3) to the projectile internal structure. DEA calculations are performed for 11 Be-like projectiles impinging on Pb at 69AMeV. The projectiles differ only by the neutron separation energy in the 1s 1/2 orbital (left) or by the partial wave in which the neutron is bound to 10 Be (right).
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We have also analysed the sensitivity of the ratio to the radial wave function by changing the geometry of the binding potential [10] . The sensitivity to the radial wave function is not as spectacular as observed in Fig. 5 . The forward angle part of the ratio scales with the square of the Asymptotic Normalisation Constant (ANC) of the bound-state wave function (below 2 • at 69AMeV on Pb). Interestingly, the ratio probes also the interior of the wave function at larger angles. Therefore, by removing the sensitivity to the reaction mechanism, the ratio gains sensitivity to parts of the wave functions that are inaccessible to most of the reaction observables. Usual breakup observables indeed probe only the asymptotics of the wave function [18] .
Summary
The study of exotic nuclear structures is usually performed through reactions. In order to extract valuable information from experimental data, an accurate model of reaction coupled to a realistic description of the projectile is required. Alternatively, one can look for observables that are less dependent on the reaction process. In this work, we explore the ratio technique [10] . This observable consists of the the ratio of two angular distributions and is predicted to be insensitive to the reaction mechanism. Using the DEA, we have tested this REB prediction and found that the ratio (4.3) removes most of the dependence on the reaction process for loosely-bound nuclei.
The ratio is also shown to be highly sensitive-in both shape and magnitude-to the binding energy and the partial-wave configuration of the valence neutrons. To a lesser extend, it is also sensitive to the radial wave function of the halo [10] . Of course this idea should be tested on actual experimental data to evaluate its applicability. Nevertheless, the present study shows that the ratio technique is quite promising.
The formalism used here assumes a single configuration of the wave function, i.e. a spectroscopic factor equals to one. In the future, we plan to extend this analysis to more realistic descriptions of the projectile that include various configurations. Open questions remain: is it the possible to extend the ratio technique to two-neutron halo nuclei? what about proton halos? If these extensions were possible, the ratio would open a new era in the study of structure of exotic nuclei.
